Abstract--The Isothermal Relaxation Current (IRC) method of assessing the condition of power cable insulation has been in use for more than 10 years. The method is based on a relaxation model of the thermal release of carriers from traps. An empirical aging factor often called A-factor determined from IRC analysis is investigated using measured depolarization currents from laboratory and field aged cables. Measurement results presented here indicate that calculation of A-factor depends on how well the software of the measuring system in IRC test set is able to approximate the measured depolarization current data. It is found that wrong approximation of measured data may result especially when the current decay is not monotonically decaying with time. For a better use of this equipment it is propose that the user make use of the raw depolarization current data instead of the A-factor output from the test system.
I. INTRODUCTION
he Isothermal Relaxation Current (IRC) diagnostic equipment uses a method that is based upon Isothermal Relaxation Current analysis (IRC analysis). The theoretical basis of IRC is given elsewhere [1] . According to Simmons and Tam [1] , discrete trap levels are often found in defect solids e.g. polymers. By definition, a trap is a defect in an insulator whereby when an electron falls into it, it is trapped or immobilized in it for a significant length of time. These discrete trap levels are however distributed over the complete energy band. Furthermore, when the traps in a solid are excited and the exciting source is then removed at constant temperature, the current I decreases monotonically t vs t i 10 log ⋅ the resulting characteristics in the case of discrete traps, gives a number of sharp maximum at various times, depending on the trap parameters. This finding is utilized in the IRC test equipment [2] , [3] .
Application of external electric fields to XLPE cable causes dipole alignment and space charge displacement which leads to polarization of the dielectric material. After removal of the electric field, time dependant reactions follow whereby dipoles tend to return to their random state in the duration of a few hundreds of seconds (Measured: 5…1800 s) as a result of the thermal emission of electrons (Depolarization) and this depends on the ageing status of power cable insulation [4] , [5] .
The IRC equipment measures the discharge or depolarization current after charging for some times. The mathematical evaluation of the transient part of this current is based on the relaxation model of a thermal release of carriers from traps. Analysis of discrete trap levels in the form of t t i 10 log − ⋅ plot enables the determination of the ageing process of the insulation. This is so because t t i 10 log − ⋅ leads directly to the energy distribution of the occupied traps in the upper region of the energy gap describing the ageing behaviour of cable insulation [4] .
II. THEORY OF ISOTHERMAL RELAXATION CURRENT
From the theory of Simmons and Tam [1] it is known that when a dielectric with traps is energized and the source is then removed at constant temperature the discharge or depolarisation current decreases monotonically with time.
Furthermore the traps in a dielectric possess discrete levels, distributed over the complete energy band. However, due to symmetry it is considered sufficient to examine the portion of traps located above the Fermi level, which can be occupied by negative charges or electrons.
If E Tr is used to represent the trap energy, the electrons from the trap emission will have an energy level E Tr and this energy level shifts with time from the conduction band to the Fermi level. Traps lying energetically above E Tr are mainly free of electrons while those trap levels below E Tr are still occupied with the initial density of charges. (5) Which is the same as the expression given by Beigert and Kranz [4] .
The most important conclusion of this theory is that the product of current and time is linearly proportional to the occupied trap density N(E)| E=ETr . In addition, from (1) it is known that E Tr can be expressed as 
III. APPLICATION OF ISOTHERMAL RELAXATION CURRENT IN DIAGNOSIS OF POWER APPARATUS
In the instrument by Seba Dynatronic, IRC measurements are combined with computer aided data analysis to evaluate the condition of polymer cable. In the analysis the measured depolarization current i DP is described as a sum of a constant current i 0 and three exponential functions with different relaxation time τ given by (4). An empirical ageing factor (A-factor) is calculated to classify the ageing condition of the cable. This factor is calculated from depolarization current i d at time constant [4] . Nowadays, IRC-analysis is performed with a software tool that allows fully automatic destruction free determination of the ageing status without any reference measurements by analyzing the data with well adapted artificial neural networks [6] - [7] . However, such a tool is not available for the IRC test system used in the present research work.
IV. TEST OBJECTS AND PROGRAM
This test program initiated by Ergon Energy with QUT and UQ is intended to study the effectiveness of the CableCure treatment program on service aged cables. Additionally, the test rig and data obtained will form the cornerstone of a separate research project to assess and develop new techniques for evaluating the condition of water tree infested cables.
The 
A. Preconditioning Procedure
In order to ensure cables are operating under 'normal' conditions, it has become standard practice [8] to pre-heat new test cable samples to drive off cross-linking by-products.
The new cables have been subjected to the following conditions prior to the start of the test:
1. Aged for two years in storage 2. Preconditioned at 75°C for 300 hours
B. Sample Preparation
The cable samples are divided into three batches, each consisting of ten samples. Batch one consists of service aged cable treated with CableCure, batch two is untreated service aged cable, and batch three is new (unaged) cable.
The 'new' cable samples were made by cutting 7.5m lengths from a single reel. Each sample was bent into one complete loop as per IEEE specification 1407 [8] , ensuring manufacturers specifications were not exceeded. The outer jacket was removed for approximately 1m on each end, and stress relief cones and cable terminations (cold crimp lugs) were applied. They were then preconditioned as mentioned earlier.
The service aged cable was cut likewise into 7.5m sections, and each sample bent into a complete loop. Similarly, the jacket was removed for 1m, and stress relief cones and crimp lug terminations were applied.
Batches two and three (new and field aged) were simply terminated using stress relief cones, while batch one was treated with CableCure before being terminated with cold crimp lugs and 3M Weather sheds. The weather sheds were used simply because outdoor cables were also terminated at the time. The use of CableCure in one of the sample groups precludes the addition of interstitial water, so it was decided instead to cut the outer jacket under the waterline.
C. Experimental Test Setup
The water tanks are constructed from ABS plastic, with an insulating cladding applied to the outside. Initially a polypropylene mat was used on the water surface to provide thermal insulation, but this was replaced with floating 'beads' which give better coverage and thermal resistance. The tank is finally covered with a 'lid' of plywood.
The water used in the test is tap water deionised using a filter. A very small amount of salt has been added in order to simulate the ground conditions in which the field aged cables were operated. The salt concentration is approx 50ppm.
There is a heater for each tank to control the water temperature. Thermal cycling is part of the ageing process, and by raising the temperature of the water, the inception rate of water trees should increase [9] , [10] .
Tank One is the main control tank. It has eleven K-type thermocouples at various locations to establish the thermal profile of the tanks. Tanks Two and Three have only three thermocouples each; assuming the tanks have similar thermal profiles, these thermocouples are used to validate this assumption.
Each tank is fitted with a flow control valve to ensure a constant 20L/minute of water circulation. Maintaining a constant flow rate will help ensure the tanks have a very similar thermal profile.
The conductor temperature is monitored by means of two K-type thermocouples in a dummy cable. A single dummy cable is used to establish the thermal profile of the test samples. This cable has six thermocouples in total -three on the conductor surface at various locations and three on the jacket surface (one pair above the water level, two pairs below).
The current and temperature are controlled by a Siemens PLC. The current is cycled: on for eight hours and off for sixteen hours, while the tank water temperature is kept at a constant 50°C.
When the current is on, the thermocouples in the dummy cable are used to maintain a constant conductor temperature of 75°C. The dummy cable is linked to the test cables through a 1:1 transformer. Measurements with a clip on current meter showed the current in the dummy cable to be about 10 amps less than the test samples. This difference was deemed to be small enough to be neglected.
The test cables will have 3U0 applied -this corresponds to approximately 38kV. We consider this a good compromise between a long ageing time and an excessive voltage stress. Care must be taken not to change the mechanism of ageing, but the test must terminate within a relatively short period (in terms of cable life), thus 3U¬0 represents a good compromise in our opinion.
V. LABORATORY AND ONSITE MEASUREMENT RESULT WITH ANALYSIS
A. Laboratory 
VI. ANALYSIS
In accordance with the theory of isothermal currents [1] , the maximum value of I t and t max values are characteristic of the cable ageing. However, other parameters such as cable length and cable construction need to be considered as it the only parameter that remained practically temperature independent is the A-factor. The use of t max for data interpretation can be called the graphical method of analysis. This is often difficult and requires a certain degree of expertise since more than one maximum can be seen in some measurement. To alleviate this problem the empirical ageing A-factor has been developed as a figure of merit that requires no expert for interpretation.
Having said this it can be seen that the tested cables in Fig.  1 and Fig. 2 indicate a single maximum. The time to maximum t max varies between 100 to 300 seconds which suggests that these cables are old.
In Fig. 3 , all cables presented have two peaks except cable AU200012 with one peak occurring between 300 and 1000 seconds. This suggests that this cable AU200012 is in critical condition and should be considered for replacement. The same conclusion is valid for cable AU20014 presented in Fig.  4 .
On the contrary the presence of two peaks (first peak occurs between 10 and 100 seconds, second peak occurs between 100 and 1000 seconds) in plots for cables AU200010 and AU200011 suggests that they are old but can still be in service.
To complete the analysis result, an investigation into Afactor calculation is presented in Fig. 5 and Fig. 6 . Using (1) it can be seen in Fig. 5a that a perfect merge is obtained between the measured and approximated current. Also in Fig. 5b a close merge is seen in the t t i 10 log − ⋅ of measured and approximated current. The A-factor, as is the case when the depolarization current is decaying monotonically, is given in Fig. 5b . A-factor of 2.6 is typical for old cables. On the contrary using (1) it can be seen in Fig. 6a that the merge between the measured and approximated current is not good especially after 700 seconds. Consequently in Fig. 6b one observes a huge difference in the t t i 10 log − ⋅ of the measured and approximated current. The A-factor, as in the case when the depolarization current meanders as it is decaying, is given in Fig. 6b . An A-factor of about 5 has never been reported to date. The maximum reported value of Afactor is 3 and it indicates that the cable is deteriorated.
The kind of current pattern seen in Fig. 6a may not be well approximated by three exponential functions as applied by the IRC test set and consequently an entirely false A-factor may result as indicated above. This justifies the need to further examine the raw data before a decision is taken on technical performance of the cable in question. A similar pattern is recorded in cables during on-site tests for cable AU200011 shown in Fig. 3 .
A. Observation
The A-factor is a figure of merit that allows estimation of cable insulation condition without the need of an expert for data interpretation. However from Fig. 5 and Fig. 6 it can be seen and concluded that the accuracy of A-factor depends on how well the measured data is fitted to obtain the parameter for its calculation. For a monotonically decreasing current, the IRC equipment should give a good A-factor that should by and large correlate with breakdown voltage. However, dielectric behavior such as that shown in Fig. 6a could be one of the reasons why A-factor is seen not to correlate well with the breakdown voltage as shown in Fig. 7 . This however requires further investigation since the raw data is not available to justify the presented A-factors in Fig. 7 . A similar poor correlation between A-factor and breakdown voltage has also been reported elsewhere [11] .
VII. CONCLUSION
At present, limited data is available to support the findings presented in this paper, however it is proposed that the user make use of the raw depolarization current data instead of the A-factor obtained directly from the test system as this may be wrong due to poor curve fitting. With this in mind our future work will consider the possibilities and limitations of the IRC diagnostic methods for water tree degraded XLPE cables. 
